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Die  purpose  oi  5ie  work  reported  herein  was  to  provide  dielectric  properties 
data  needed  in  the  mathematical  modelling  of  meat  roasting  in  those  casee 
involving  the  use  of  microwave  energy* 

Earlier  meaMremente  on  the  dependence  of  dielectric  properties  of  meats  on 
temperature  at  the  microwave  frequencies  of  2450*  915  and  300  MHi  hare  been 
extended  to  cover  the  range  of  -40  to  4120  C*  A coaxial  line  technique*  with 
a shorted  sample  holder  for  fxosen  samples  and  quartern-wavelength  holders  for 
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samples  above  freezing  is  used  for  all  measurements.  The  results  are  in 
general  agreement  with  published  data  in  ths  literature.  Fbr  thawed  samples, 
K*  decreases  with  temperature  and  frequency  but  increases  with  moisture 
content.  IT"  on  the  other  hand  increases  with  temperature  and  moisture  content 
but  decreasss  with  frequency.  Calculations  using  these  dielectric  dats  show 
that  at  high  temperatures  the  differences  in  penetration  depth  and  power 
absorption  between  the  three  frequencies  are  reduced. 
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SUMMARY 


dielectric  properties  of  various  types  of  meats  have  been  determined 
as  a function  of  frequency  and  temperature.  Die  specific  meat  products 
which  have  been  tested  include  raw  beef,  pork,  chicken  breast,  chicken 
thi#i,  and  turkey  rolls.  Die  frequencies  which  were  employed  in  the 
dielectric  measurements  were  2450,  915,  and  300  MHz . Die  temperature 
range  in  these  measurements  was  from  -40  to  +120°C.  In  addition, 
these  precooked  meats  and  their  juices  were  also  measured  with  respect 
to  their  dielectric  properties  at  frequencies  of  2450,  915»  and  300  MHz 
and  temperatures  ranging  from  5°  to  65°C. , 


PREFACE 


Microwave  energy  is  e technique  which  could  lead  to  substantial 
improvements  in  the  cooking  procees.  In  order  to  apply  this  tech- 
nology most  effectively,  it  ie  neceesary  to  have  a knowledge  of  the 
properties  of  foods  which  affect  thie  heating  performance*  The 
dielectric  constant  and  dielectric  loee  factor  are  the  two  most 
important  properties  which  need  to  be  determined*  This  report  des- 
cribee the  re  suite  of  measur  entente  of  the  properties  for  beef,  pork, 
chicken  and  turkey  as  a function  of  microwave  frequency  and  temperature* 

Bis  work  was  performed  under  Project  No*  1T762724AH99*  Food  Technology, 
Tech  Area  AH99C,  Food  Service  Technology,  Technical  Effort  AH99CA, 
Studies  on  Garrison  and  Field  Food  Service  Equipment*  Dr*  Robert 
V.  Decare an  and  Mr*  John  C*  Perry  were  the  Project  Officer  and  the 
Alternate  Project  Officer,  respectively,  for  the  US  Army  Natick 
Research  and  Development  Command* 
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DIELECTRIC  PROPERTIES  OF  FOODS 


Introduction 


In  the  use  of  microwaves  to  heat  foodstuffs*  two  parameters  which 
determine  the  rate  of  heating  are  the  amount  of  power  (P)  absorbed 
by  the  sample  and  the  depth  of  penetration  by  the  microwaves  into 
the  sample  as  measured  by  the  half-power^enetration  depth  (HPD). 
Power  absorption  in  watts  per  cubic  centimeter  ie  given  by:* 

P * 55.6  x 10~14  E2fK"  (1) 


where  E is  the  electric  field  strength  in  volts/cm*  f the  frequency 
in  Hz  and  K"  the  relative  dielectric  lose.  The  half -power-penetration 
depth  is  defined  as  the  depth  in  the  sample  at  which  the  power  level 
is  reduced  to  50%  of  the  incident  power  at  the  surface.  It  can  be 
calculated  by: 2 


HPD 


1 In  2 . 2 1/2 

2 (K')*'72  U+tan26)1/5-i* 


(2) 


where  HPD  has  the  units  of  A the  wavelength*  and  the  K*  ie  the  relative 
dielectric  constant*  tan?£  is  the  ratio  K^/K1  or  the  loss  tangent. 

Given  a microwave  field  of  fixed  intensity  and  frequency,  the  dependence 
of  a food’s  heating  -naracteri3tice  on  its  dielectric  properties  K'  and 
K"  are  indicated  in  Equations  1 and  2.  Although  there  have  been 
numeroue  published  data  on  the  dielectric  properties  of  food33  and  agri- 
cultural products,^*  there  was  until  recently 5 no  information  on  the 
dielectric  propertiee  of  meat  products  from  the  frozen  state  up  to  steri- 
lization temperaturee.  The  purpose  of  thie  report  is  to  provide  a summary 
of  the  result e of  dielectric  msasuremente  from  the  start  of  this  project 
in  June  1972  to  data. 


1.  Goldblith*  S.A.  Adv.  Pood  Re3.  1£:277,  1967 

( 

2.  fllschner,  H.  Heating  and  Microwaveet  Phillips*  Technical  library, 
Springer- Ve rlag,  ^ew  York,  1966. 

3.  Goldblith,  S.A.,  and  R.V.  Decareau*  An  Annotated  Bibliography 
on  Microwaves j MIT  Press*  Cambridge,  1973. 

U*  Tinga,  W.R.,  And  3.0.  Nelson.  J.  Microwave  Power  8 (l):23.  1973* 

5.  Chlsaon*  T. , and  N.E*  Bengtsson.  J.  Microwave  Power  10  (l):93« 
1975. 
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Mat 3 rials  and  Methods 


A.  Measurement  technique  and  squipment. 

Details  of  the  measurement  technique  using  the  coaxial  line^  method 
have  been  described  for  high  loss'  as  well  as  low  103s6 7 8  samples.  Fbr 
measurements  in  the  temperature  range  of  -4 0°  to  +65°C,  klystron  tubes 
were  used  to  generate  the  2450  and  915  Mite  signals  and  an  oscillator 
(General  Radio,  Concord,  Massachusetts)  was  ussd  to  supply  the  300-MHa 
signal.  For  ths  hi$i  temperature  measurements,  a crystal  oscillator 
(Lektronics  Lab,  Philadelphia,  Pennsylvania)  which  simultaneously  puts 
out  signals  at  900  and  300  MHz  was  used  so  that  the  same  sample 
holder  could  be  used  to  measure  one  sample  at  the  two  lower  frequencies. 
Figures  1 to  3»  respectively,  show  sampls  holders  used  to  measure 
frozen  samples,  thawed  samples  up  to  65°C,  and  thawed  samples  from 
30° C to  120°C.  All  holders  sre  constructed  of  brass  with  a one-inch 
inner-diameter  outer  conductor  and  a 3/8-inch  outer-diameter  center 
conductor.  All  but  the  open  circuited  low  loss  holder  for  low  tempera- 
tures had  alumina  bottom  covers.  A total  of  six  sample  holders  were 
constructed  for  these  measurements,  each  with  specifications  3hown  in 
Table  1. 

Temperature  control  was  achisved  using  a constant  temperature  bath 
with  a Haake  E51  thermo3tated  heater.  Water  was  used  in  the  bath  for 
temperatures  betwesn  5°  and  65°C.  Mineral  oil  was  used  for  higher 
temperatures.  Sample  holders  were  iwnersed,  and  ten  minutes  was  allowed 
for  temperature  equilibration.  For  the  below-freezing  temperatures, 
a refrigerated  bath  (Tenney  Engineering,  Union,  New  Jersey)  was  used 
to  circulate  cooled  dsnatured  ethanol  to  the  styrofoam  insulated 
holder  (Figure  l).  Because  of  ths  3ize  of  the  sample  at  these  tem- 
peratures, one  hour  was  allowed  for  temperature  equilibration. 
Temperatures  in  ths  holder  were  monitored  by  a thermocouple  with  ice/ 
water  reference  Junction.  At  temperatures  below  ambient,  dry  nitrogen 
was  used  to  purge  the  holder  and  remove  moisture  condensation  which 
would  otherwise  markedly  affsct  ths  measurements. 


6.  Roberts,  S.,  and  A.J.  von  Hippel.  Appl.  Fhvs.  17(6) >6l0.  1946. 

7.  lb,  E.C.  MS  Thesis.  MIT,  1974. 

8.  Pace,  W.E.  MS  Thesis,  MIT,  1967. 
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Measurements  were  started  at  the  low  erd  of  the  range  (5°  or  80°  res- 
pectively in  the  water  or  oil  bath)  working  up.  In  low  temperature 
measurements,  the  sample  was  cooled  to-20QC  first,  then  -40°C.  Calculations 
were  dene  by  computer  using  the  two  programs  of  Westphal  and  Iglesias.9 

B.  Sample  preparation. 

All  meat  samples  were  brougvt  fresh  from  local  supermarkets.  Turkey 
roll  used  was  a commercial  frozen  product  (Tbp  frost)  which  contained 
added  salt.  Sample  preparation,  storage,  cooking,  and  rendering  of 
the  cooked  juices  as  well  as  loading  techniques  have  been  described.? 

For  the  low  temperature  measurements,  the  frozen  meat  (unground)  was 
allowed  to  thaw  slightly  in  order  to  facilitate  cutting  into  blocks. 

A specially  designed  borer  1.5  inches  in  diameter  was  used  to  bore  out 
disks  about  two  inches  thick.  These  are  cut  into  one-cm  disks  in  a 
cutter  with  micrometer  advance,  and  then  cut  to  conform  to  the  dimensions 
of  the  coaxial  line  using  a dou^inut-shaped  cutter.  Eight  to  ten  disks 
were  then  stacked  into  the  holder  to  give  a sample  thickness  of  about 
10  cm.  The  exact  sample  thickness  was  obtained  by  difference  in  micro- 
meter depth  gauge  measurements  of  the  empty  and  filled  holder.  Thermal 
expansion  of  the  sample  was  assumed  negligible  compared  to  its  xength. 
Moisture  content  of  the  samples  was  determined  by  vacuum  oven  drying, 

U to  8 hours  at  95°C  Protein  content  was  determined  by  micro-kjeldahl10 
and  ash  content  by  muffle-furnace  at  450°C.^  Fat  content  was  determined 
by  the  method  of  Bligh  and  pyer.H 

III.  Results  and  Discussion 

The  coaxial  line  technique  and  other  forms  of  dielectric  measurement 
methods  such  as  resonant  cavities  are  accurate  only  for  samples  with  tan 6 
less  than  one.  In  such  cases  the  error  is  estimated  at  about 
With  foodstuffs,  tanS  of  four  is  common  at  hi$i  temperatures  and  low 
frequencies.  The  accuracy  of  the  method  is  then  reduced,  due  partly  to 
the  fact  that  very  thin  samples  have  to  be  used,  whose  thickness  have 
to  be  accurately  known  (Table  l). 


9.  Westphal,  W.B.,  and  J.  Iglesias.  Technical  Report  AFMI/-TR-71-66, 
Air  Pbrce  Materials  Laboratories,  Chio,  1971. 

10.  Horwitz,  W.,  ed.  Official  Methods  of  Analysis  of  the  AQAC.  11th 
edition;  AO AC,  Washington,  DC,  1970. 

11.  Bli^i,  E.G.,  and  W.J.Dyer.  Can.  J.  BLochem.  Biysiol*  37r911» 
1959. 

• West-phal,  W.B.  personal  communication,  1975* 
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The  method’s  precision  is  determined  largely  by  the  degree  of  homo- 
geneity of  the  sample  and  the  reproducibility  of  packing  the  samples 
into  the  holder.  The  standard  deviation  of  repeatedly  packing  the 
same  meat  sample  into  a holder  has  been  found  to  be  about  5%  of  tha 
mean  value,'  and  thie  ahould  aerve  as  an  indicator  of  degree  of  sample 
preparation  reproducibility.  As  a calibration  check,  water  ia  measured 
at  the  three  frequencies  2450,  915»  and  300  MHz  from  5°  to  65°C  (Table  2). 
The  results  were  in  agreement  with  values  for  water  at  these  frequencies 
calculated  using  the  Debye  equations  and  litarature  parameters. *3 

Dielectric  properties  of  the  five  meat  samples  are  presented  in 
Table b 3 through  7 and  their  proximate  compositions  are  given  in 
Table  9-  As  has  bean  pointed  out7  the  added  salt  in  turkey  gives 
this  sample  a significantly  higher  dialactric  loss  at  all  temperatures 
and  frequencies  except  in  tha  frozen  state.  Effects  of  ealt  on  the 
dielectric  constant  of  thawed  samples  were  also  not  evident  as  found 
in  the  studias.  Taking  into  account  the  differences  in  frequency  and 
possible  packing  density,  the  data  for  beaf  and  pork  were  in  agreement 
with  literature  value e.^ 


The  proximate  compoaitions  of  tha  four  unsalted  raw  meata  (beef,  pork, 
chickan  breast,  and  chicken  thigh)  are  very  similar  (Table  8).  Their 
moisture  contanta  shew  a standard  deviation  of  2.3«^  of  their  mean, 
and  tha  leee  active  dielectric  component e such  as  protein  and  fat  show 
a total  standard  deviation  of  2.6 > from  their  combined  mean.  Similarly, 
the  cooked  meats  and  cooked  meat  juice e of  thase  meats  show  proximate 
compoeitions  very  similar  to  one  anothar.  However,  as  a result  of 
cooking,  tha  variations  in  the  moisture  and  solids  contents  were  larger 
than  in  the  case  for  the  raw  meats.  Tha  standard  deviation  in  the 
moisture  content,  the  component  which  has  the  most  effact  on  dielactric 
properties,  was  found  to  be  5«l£  of  their  combined  mean.  Based  on  this, 
the  data  for  unsalted  meats  (Tablas  4 through  7)  are  pooled  to  give  tha 
dielectric  properties  of  fresh  meat  products  (Table  9)«  It  should  be 
mentioned  that  presenting  the  data  collectively  ia  not  construed  to 
mean  that  the  dielectric  properties  of  all  meats  are  idantical.  Tha 
results  were  presented  in  this  fashion  only  as  a conveniant  way  for 
achieving  a reduced  format. 

The  dependence  of  dialactric  constant  and  dielectric  lose  of  unsalted 
raw  meata  on  temperature  and  frequency  are  shown  in  Figure e 4 and  5, 
respectively.  In  all  cases,  the  standard  daviations  in  K1  and  K”  of 
the  different  unsalted  meats  were  less  than  lOjt  Considering  the 
sensitivity  of  the  coaxial  line  method  and  an  astimatad  error  of  10^6, 
the  slight  differences  in  tha  dielectric  properties  of  unsalted  meats 
was  not  detected. 


13*  Collie,  C.H.,  J.B.  Hasted  and  D.M.  Ritson.  Proc.  ftiys.  Soc. 
(London)  6p(2)H45.  1948. 
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The  exact  differences  in  K*  measured  at  different  frequencies  were  also 
hard  to  determine  (Figure  4).  In  general)  difference  in  K*  measured 
at  2450  MHz  and  at  915  MHz  ie  only  a fsw  percent  and  can  be  considered 
to  be  insignificant*  It  is  clear  from  Figure  4 that  K1  decreases  with 
temperature.  Figure  5 showe  that  K"  increases  with  temperature  for 
915  and  300  MHz,  but  is  relatively  less  dependent  on  temperature  for 
2450  MHz.  This  fact  can  have  important  implications  in  heating  appli- 
cations, as  will  be  diecussed  later. 

The  dependence  of  penetration  depth  on  wavelength  has  often  been 
stressed,  and  the  effects  of  dielectric  properties  on  absorption  of 
power  is  all  too  often  overlooked.  Recently,  Ghlsson  and  Bengtsson^ 
pointed  out  that,  as  temperatures  reach  above  50°C,  the  penetration 
depths  achieved  by  the  three  frequencies  2800,  900,  and  450  MHz  are 
almost  the  same.  This  is  because  at  higher  temperatures  the  lower 
frequency  givee  such  high  tan 5 that  ths  factor  in  brackets  in  Equation 
2 is  substantially  reduced,  offsetting  ths  larger  wavelength  and  making 
HPD  small.  On  the  other  hand,  the  variation  of  K"  and  tan  5 with  tem- 
perature is  small  at  the  high  frequencies,  making  the  HPD  relatively 
constant.  Calculations  of  HPD  from  data  in  Table  9 show  that  at  y’C 
HPD  for  2450,  915,  and  300  MHz  are,  respectively,  1.0,  2.8,  and  4*6  cm, 
but  at  120°C  these  figures  are  0.7,  1*2,  and  1.6  cm,  respectively 
(Figure  6).  Thie  is  in  support  of  earlier  observations  by  the  Swedish 

workers. 5 

Based  on  the  measuremente  reported  here,  it  can  be  seen  that  at  2450  MHz, 
the  dielectric  properties  are  relatively  independent  of  moisture,  tem- 
perature, and  salt,  as  compared  to  ths  other  two  frequencies  studied 
As  a result,  power  absorption  and  penetration  depth,  both  functions  of 
dielectric  properties,  are  relatively  independent  of  temperature,  moisture, 
and  salt.  Choice  of  2450  MHz  as  a heating  frequency  would  give  versa- 
tility, since  different  loads  within  a range  of  moisture,  salt  contents, 
and  different  temperatures  would  bs  heated  with  about  the  same  power 
at  about  ths  same  penetration. 
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Figure  1:  Schematic  diagram  of  the  open  circulated  low  temperature  holder 

for  all  three  frequencies. 


Figure  3:  Schematic  diag 

80  to  120°C. 


TEMPERATURE  CO 


Figure  4:  Dielectric  conetent  K'  of  unsalted  meats  at  2450 

and  915  MHz,  5 to  120*C.  Mean  and  standard 
deviations. 
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Figure  5:  Dielectric  loss  X"  of  unsalted  meats  at  2450, 

915,  and  300  MHz,  5 to  120*C.  Mean  and  standard 
deviations. 
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5 25  45  55  50  100  120 

TEMPERATURE  <°C) 

Figure  6*  Half  Power  Penetration  Depth  of  raw  unsalted 
meats  at  2450,  915,  and  300  MHz,  5 to  120°C. 
Mean  and  standard  deviation. 
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Table  X.  Dimensions  and  Specifications  of  Coaxial  Sample  Holders 
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Table  3 : Dielectric  Properties  of  Beef  Products  at  Three  Frequencies 


369  71.3  44.1  0.619  74.7  125  1.67 

437  65.7  52.9  0.805  62.4  164  2.63 
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Table  5:  Dielectric  Properties  of  Chicken  (Breast)  at  Three 

Frequencies  and  Different  Temperatures 
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436  77.1  47.4  0.615 

513  71.2  56.8  0.798 


Table  6 : Dielectric  Properties  of  Chicken  {Thigh)  at  Three 

Frequencies  and  Different  Temperatures 


t 


O O NOl 

04  04 

H r* 

z 

ooa«a\HNoMooh 

n m 04  ^ 

'fffiHm 

2 

in  o © 04 

wmino 

E-< 

• •••••••••• 

a a a * 

a a a a 

©OOOHHHNNMM 

© O <-H  «H 

O © H 04 

N 

§ 

O © 

i-i  ■»  r-  i©  © 

l©  00  ft  04 

-l  CD 

s 

• lit!  1 

• a • a 

a a 

o 

X 

Onl®MCNHI-(Mnr' 

»OH® 

rMO  u:  n 

o 

nmr'oaiO<-i<N«N 

04  r?  in  m 

moon 

ro 

H HH  HH 

•-c «-« 

otODciiconmrioifl 

CTl  04  Cl  O' 

P»  © 04  «•> 

a a • • 

a a a a 

*5 

© © © r* 

(N^On 

in  m ^ 

oo  r**  r*  vc 

OlOMHMMOOO 

in  io  04  io 

iH  ^ o 

iflH«o>ff>HNr-»Nr' 

H O O O 

HfllHB 

SB 

OHnn^wr'Mffio© 

nri^ifl 

rtnmB 

< 

• «••••••••• 

• • • • 

a a a a 

OOOOOOOOOfHfH 

. 

© o © o 

o o o o 

N 

s 

04  ■'T 

Ninnff\H»H®NOH 

inHH  m 

mooo 

« 

• •••••••••a 

a ■ a • 

a a a a 

m 

oo®P4®T^®niflw) 

ro  vo  © 04 

* o\\D  co 

HNNrinn»<« 

HH  N N 

04  04  m a- 

c\ 

OOMTIN'COOHmH 

oomo 

BHH 

— 

aaaaaaaaaaa 

• a a a 

Ui 

n»oi«Mnwm»nn 

04  04  04  O'. 

^ ^ ^ CH 

*-} 

nomoavinnoinH 

^00004 

04  00  « © 

SB 

X irt  h oi  Is 

X m © oi  oo 

< 

OHnnnntinnwn 

©m  nnw 

©c?  m m r? 

^ a • a a t a • • * • a 

•H  • • • • 

■H  • • « • 

J50000000000C 

X © © © © 

XOOOO 

tr 

f 

H 

•H 

c 

5 

p 

V 

0) 

S 

in 

M 

X 

CHinn«CNOhON«o 

U © 00  00  00 

O r-  ao  nr  in 

© 

s 

4)  aaa»»a**aa* 

H • • • • 

H ■ ■ > > 

ui 

K 

j£00«MB©m«iown 

X n 04  04  04 

45WOH04 

O HHHNHNNNN 

UHH  HH 

U 04  04  04  Ol 

<N 

•H 

■o 

■q 

u 

% 

M 

* 

Bmm^Mor'nanom 

6 i-  ©in  in 

oa  mn  oo 

• 

B aa»a»»aa«f* 

U a a a a 

(J  a • a a 

kC 

nn<r»nH»«NNH 

® o m ^ 

o»  o-  oi  o> 

inmi/unt 

■•ri  ♦ o n 

a » vo  to  to  m 

H 

H 

rH 

a 

looiniAiAinoooino 

a in  in  in  in 

|T  in  in  in  in 

e 

u 

V«N  OO  ^ l©  CO  O H rH  04 

• 04  ^ l© 

« 04  ^ 14? 

« 

O 

Mil  HHHH 

W 

u 

23 


w 


Table  7:  Dielectric  Properties  of  Turkey  Products  at  Three 

Frequencies  and  Different  Temperatures 
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35.4  0.563  69.5  74.0  1.06  72.9  224  3.07 

40.1  0.705  62.9  90.6  1.42  62.9  285  4.53 


in  Percent  by  Weight. 
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Table  9 : Dielectric  Properties  of  Unsalted  Meats  (Beef,  Pork 


Saple:  Cooked  Juice  of  Unaalted  Meats 

5 67.811.5  25.311.7  82.212.8  29.313.3  88.114.1  62. "17. 
25  66.111.0  25.312.2  78. H2.5  35.614.2  81.214.4  92.8112 
45  61.611.3  24.313.0  73.212.8  43.814.9  76.115.1  125  114 
65  56.211.5  25.913.3  67.612.5  53.116.7  66. H4.0  160  119 


